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Listeria monocytogenes is a Gram-positive, facultative intracellular bacterium that can contaminate food which, upon ingestion, can result in infection of a wide range of animals, including livestock and humans (Vázquez-Boland et al., 2001) . The severity and extent of L. monocytogenes infection is determined by the virulence of the bacterial strain and the host's immune status. Ingestion of L. monocytogenes-contaminated food by immune-competent individuals is often limited to gastroenteritis that resolves in a few days, with clearance of the pathogen from the intestine (Dalton et al., 1997; Aureli et al., 2000) . Pregnant women, infants, older adults, and immunocompromised individuals, particularly cancer patients, are at risk for systemic L. monocytogenes infections (Vázquez-Boland et al., 2001; Swaminathan and Gerner-Smidt, 2007) . The remarkable capacity of L. monocytogenes to infect the placenta (Lecuit, 2005; Gessain et al., 2015) can result in septic abortion and neonatal infection, whereas in immunocompromised adults, bacteremia and meningo-encephalitis are the major syndromes associated with L. monocytogenes infection (Goulet et al., 2012) . Patients with cancer have some of the highest incidences of systemic L. monocytogenes infection (Mook et al., 2011; Goulet et al., 2012) , and, whereas cell-mediated immune function may be compromised in these patients (Pamer, 2004) , pre-disposing factors in humans to L. monocytogenes infection remain incompletely defined.
L. monocytogenes outbreaks are associated with food contamination (CEN TERS FOR DIS EASE CON TROL AND PRE VEN TION (CDC), 2016); however, most listeriosis cases that occur in immunocompromised hosts are sporadic and likely result from ingestion of low numbers of bacteria that are known to contaminate many foods meant to be cooked before ingestion (Pinner et al., 1992; Schuchat et al., 1992) . In the general population, exposure to L. monocytogenes and asymptomatic clearance are believed to occur several times per year (Grif et al., 2003) .
Mice are considered relatively resistant to oral infection with L. monocytogenes, but can develop disseminated infection upon oral inoculation with very high doses of L. monocytogenes (Bou Ghanem et al., 2012; Hoelzer et al., 2012) . Dissemination from the gut requires L. monocytogenes to traverse the intestinal epithelium, either by transcytosis of M cells into Peyer's patches (MacDonald and Carter, 1980; Marco et al., 1997; Pron et al., 1998; Corr et al., 2006; Chiba et al., 2011; Bou Ghanem et al., 2012) , or by binding of the bacterial invasion protein internalin A (InlA) with its ligand, E-cadherin (E-cad; Lecuit et al., 1999) . The relative resistance of mice, compared with humans, to oral infection with L. monocytogenes results, in part, from reduced affinity of InlA for murine, as opposed to human E-cad. Indeed, the efficiency of murine L. monocytogenes infection can be increased by transgenic expression of human E-cad in mice (Lecuit et al., 2001) or mutagenesis of InlA to increase its affinity for murine E-cad (Wollert et al., 2007) . Nevertheless, even with optimized InlA/E-cad affinities, murine infection requires high doses of orally administered L. monocytogenes, suggesting that other mechanisms limit in vivo L. monocytogenes virulence (Lecuit et al., 2001; Wollert et al., 2007; Bou Ghanem et al., 2012) .
The intestinal microbiota provides resistance against orally acquired bacterial pathogens (Buffie and Pamer, 2013) . Commensal microbes that constitute the microbiota directly inhibit potential pathogens by producing bacteriocins and by nutrient depletion and also indirectly by induction of host defense pathways, such as expression of defensins and bactericidal C-type lectins. We hypothesized that resistance of mice and humans to L. monocytogenes infection might depend on the intestinal microbiota and that antibiotic-mediated damage to the microbiota, in particular in immunocompromised hosts, would increase susceptibility to L. monocytogenes infection. Herein, we show that an intact, diverse microbiota inhibits L. monocytogenes growth and that antibiotic administration to mice before L. monocytogenes inoculation decreases the inoculum required for systemic infection to as few as 100 CFUs. Antibiotic-mediated damage to the microbiota enables L. monocytogenes to expand in the host intestine and to traverse the epithelial barrier. This has particularly dramatic consequences for immunocompromised or chemotherapy-treated mice, promoting lethal infection even with small inocula. We have identified a subset of commensal bacteria that confer protection against oral L. monocytogenes infection, suggesting that the microbiota of vulnerable hosts can be augmented to enhance resistance against this important pathogen.
resuLts

Antibiotic treatment results in increased susceptibility to L. monocytogenes infection
To determine the extent to which the intestinal microbiota provides resistance against oral infection with L. monocytogenes, we treated C57BL/6 mice from The Jackson Laboratory with one dose of clindamycin, followed by oral gavage 24 h later with a sublethal dose of L. monocytogenes. Clindamycin treatment markedly increased the duration and magnitude of L. monocytogenes carriage in the intestinal lumen and tissue ( Fig. 1 A) . The density of L. monocytogenes CFUs in the intestinal lumen directly correlated with pathogen burden in the intestinal wall ( Fig. 1 B) . Colonies recovered on selective growth plates were further screened by PCR for the L. monocytogenes p60 gene (Fig. S1 ). The kinetics of luminal clearance of L. monocytogenes were similar in WT and Rag1 −/− mice, indicating that B and T lymphocytes of the adaptive immune system do not contribute to pathogen elimination between days 1 and 6 ( Fig. 1 , C and D). Some Rag1 −/− mice continued to excrete L. monocytogenes in their feces 10 d after inoculation, possibly as a result of defective CD8 + T cell-mediated clearance of systemic infection (Andersson et al., 1998; Bregenholt et al., 2001) .
A single dose of streptomycin, which markedly enhances murine susceptibility to Salmonella infection (Bohnhoff and Miller, 1962) , or a cocktail of four antibiotics (metronidazole, neomycin, vancomycin, and clindamycin [MNVC] ), also resulted in robust expansion of L. monocytogenes (Fig. 1 E) and increased morbidity ( Fig. 1 F,G) . At day 3 after infection, edema, inflammatory cell infiltration, and epithelial cell shedding were detected in the intestinal tissue of infected antibiotic-treated, but not PBS-treated, mice ( Fig. 1 F) . Weight loss, the combined pathology score (Abt et al., 2015) , and mortality were consistently increased in antibiotic-treated mice (Fig. 1 G) . Treatment of mice with streptomycin induced the highest level of susceptibility, potentially because L. monocytogenes 10403s, the strain used in these studies, is highly resistant to this antibiotic, whereas residual neomycin, vancomycin, and clindamycin might inhibit L. monocytogenes ( Fig. S2 ). We detected high bacterial loads in spleen and liver of antibiotic-treated mice (unpublished data), indicating that antibiotic-mediated compromise of the microbiota predisposes to severe, disseminated L. monocytogenes infection by enabling pathogen expansion in the intestinal lumen and increasing penetration into the intestinal tissue and the systemic circulation. small inocula or gut-resident L. monocytogenes can promote infection upon dysbiosis Inoculation of mice with as few as 10 2 CFUs (∼10 −7 * LD 50 ) after streptomycin treatment resulted in high-density colonization of the intestinal lumen with weight loss, signs of distress, and diarrhea and fecal shedding persisting for over 10 d ( Fig. 2 A,B and not depicted). Despite the low inoculum size, L. monocytogenes penetrated the epithelium, infiltrated mesenteric lymph nodes, and spread to spleen and liver in antibiotic-treated, but not PBS-treated, mice ( Fig. 2 C) . These results indicate that microbiota-mediated colonization resistance against L. monocytogenes is a major contributor to the high level of murine resistance to oral infection.
Roughly 0.5-5% of the human population transiently and asymptomatically carries low levels L. monocytogenes in the gastrointestinal tract (Bojsen-Moller, 1964; Kampelmacher and van Noorle Jansen, 1969; MacGowan et al., 1994; Cobb et al., 1996; Grif et al., 2003) . To determine whether antibiotic-mediated microbiota depletion in mice with low-level L. monocytogenes colonization of the gut could lead to blooming of L. monocytogenes, we orally infected mice and fecal pellets were cultured daily until L. monocytogenes was undetectable (detection limit = 100 CFU/g feces). Once L. monocytogenes became undetectable in feces, it could not be cultured from intestinal and abdominal organs, including the gallbladder, which was previously suggested to be a reservoir for L. monocytogenes in infected BALB/c mice (Hardy et al., 2004; Bou Ghanem et al., 2012; Fig. 2 D) , but appears less permissive to the growth of the pathogen in C57BL/6 mice, at least at relatively low doses of infection (Bou Ghanem et al., 2012) . Upon virtual clearance, mice were treated with streptomycin, which resulted in a marked bloom of L. mono-cytogenes ( Fig. 2 E) . Administration of streptomycin at different times after infection demonstrated that a high proportion of mice harbor L. monocytogenes 11 d (∼80%), 16 d (∼40%), and 21 d (∼20%) after infection ( Fig. 2 F) , longer than pre- viously appreciated (Huleatt et al., 2001) . Thus, despite negative fecal cultures, residual L. monocytogenes bacteria can undergo expansion when microbiota-mediated colonization resistance is impaired by antibiotic administration.
the gut microbiota provides nonredundant protection against L. monocytogenes in immunocompromised hosts
To investigate the contribution of the microbiota to resistance against oral L. monocytogenes infection in immunocompromised hosts, we infected Rag2 −/− Il2rg −/− (Raggc) mice, which lack T and B cells, as well as NK cells and innate lymphoid cells (ILCs), and are known the be highly susceptible to oral L. monocytogenes infection (Bregenholt et al., 2001) . We confirmed that Raggc mice orally inoculated with L. monocytogenes doses that are sublethal for WT mice rapidly lose weight and succumb to infection ( Fig. 2 A and not depicted). Interestingly, although it was originally proposed that lack of T cells accounted for marked susceptibility, we only detected increased susceptibility to oral L. monocytogenes infection in Rag1 −/− Ifng −/− double KO mice, but not Rag1 −/− or Rag1 −/− Il17 −/− mice, suggesting that type 1 ILCs or NK cells, rather than T cells, protect against L. monocyto- Figure 2 . small L. monocytogenes oral inocula spread systemically in antibiotic-treated mice. (A) WT mice were treated with one dose of oral streptomycin or PBS and infected 24 h later with 10 4 or 10 2 (only streptomycin group) CFUs of L. monocytogenes (Lm). Lm fecal shedding is shown over time (mean + SD; n = 8 per group; from two independent experiments). (B) Weight loss for animals shown in A (n = 7-8; n = 3 for streptomycin-only group; from two independent experiments; two Way ANO VA with Tukey's multiple comparisons; a comma separates significance values for STR EPTO × 10 4 vs. PBS × 10 4 groups and STR EPTO × 10 2 vs. PBS × 10 4 groups, respectively). (C) Lm burden in the depicted compartments at 3 d after infection, same conditions as in A (n = 6; from two independent experiments; Kruskal-Wallis test with Dunn's multiple comparisons). (D) Mice infected with 10 8 Lm particles were euthanized 1 d after negative fecal cultures for Lm, and whole organs/intestinal contents were homogenized and plated for Lm detection (n = 6; shown are only mice for which colonies where detected). (E) Kinetics of Lm fecal shedding in mice infected with 10 8 Lm CFUs. Lm presence in the feces was monitored over time, and mice were administered 1 dose of streptomycin (salmon arrow) on the first day after fecal cultures became negative for Lm (n = 4; one representative of three experiments shown). (F) Percentages of mice bearing Lm at the depicted time points after infection, as assessed using the approach described in E, except that in this experiment, mice were maintained in wire floor cages to prevent coprophagy (n = 10 per group; from three different experiments). *, P < 0.05; **, P < 0.005; ***, P < 0.001; ****, P < 0.0001. genes in these settings (Fig. 2 B) . This result is consistent with previous demonstrations of the importance of early innate sources of IFN-γ for effective immune responses in systemic L. monocytogenes infection (Dunn and North, 1991 Ladel et al., 1996; Thäle and Kiderlen, 2005) , although NKs have also been shown to reduce resistance during early phases of Listeria infection after intravenous inoculation of WT mice (Teixeira and Kaufmann, 1994; Viegas et al., 2013; Clark et al., 2016) .
To determine the role of the microbiota in immunocompromised, highly susceptible hosts, we treated Raggc mice with PBS or antibiotics (streptomycin, MNVC) and infected them orally with a sublethal L. monocytogenes inoculum ( Fig. 3 , C-F). Strikingly, all antibiotic-treated Raggc mice succumbed to infection, whereas all PBS-treated Raggc mice survived (Fig. 3, D and F) . This indicates that the intestinal microbiota in immunocompromised hosts provides nonredundant, first line defense against L. monocytogenes infection.
Anticancer chemotherapy and antibiotics synergize in predisposing the host to listeriosis
Cancer patients have the highest incidence of severe L. monocytogenes infection (Gillespie et al., 2009; Mook et al., 2011; Fernández Guerrero et al., 2012; Goulet et al., 2012) , with some types of cancer resulting in infection rates increased by 1,000-fold (Goulet et al., 2012) . Although the immune-suppressive effects of cancer chemotherapy and radiation therapy might contribute to enhanced susceptibility, experimental evidence for their impact on L. monocytogenes infection is lacking. Furthermore, a recent study demonstrated that cancer chemotherapy alters the gut microbiota (Viaud et al., 2013) , which may increase susceptibility to infections. Review of patients admitted to MSK CC with a diagnosis of L. monocytogenes infection in the past 20 yr (Fig.  S3 ) demonstrated that the majority had been treated with multiple chemotherapeutic agents, corticosteroids, or antibiotics. To determine whether chemotherapy can predispose to L. monocytogenes dissemination after oral infection, we treated C57BL/6 mice with doxorubicin and cyclophosphamide, a commonly used chemotherapy combination for a variety of tumors (Alyamkina et al., 2010; Mainetti et al., 2013) , and subsequently infected with L. monocytogenes. Chemotherapy reduced the total number of circulating cells approximately fourfold, with decreased circulating B cells, CD8 + and CD8 − T cells, ILCs/NKs, and monocytes ( Fig. 4 , A-C). Severity of L. monocytogenes infection was markedly augmented by chemotherapy administration, with increased morbidity over a range of inoculum doses (not depicted), and 100% mortality ( Fig. 4 D) . Chemotherapy administra- (A) Rag2 −/− Il2rg −/− (Raggc) and WT mice were cohoused for 3 wk and infected orally with 10 8 L. monocytogenes (Lm) CFUs. Survival was monitored overtime (n = 3; similar results were obtained with a lower infectious dose). (B) Mice of the depicted strain were cohoused for 3 wk, and then challenged orally with 10 8 Lm CFUs. Survival was monitored overtime (n = 9-15; from three independent experiments). (C-F) Raggc mice were administered the depicted antibiotics or PBS and infected 24 h later with 10 4 Lm CFUs. (C and F) Show Lm CFUs in feces 1 d after infection (mean + SD), (D and F) show survival rates (n = 6-7 for [A and B]; n = 4 for [C and D], from three and two independent experiments, respectively; Mann-Withney test for CFU comparison and Log-Rank [Mantel-Cox] test for survival.) *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. tion resulted in higher L. monocytogenes CFUs in the large intestine lumen 24 h after infection ( Fig. 4 E) , suggesting that drug-induced dysbiosis or inflammation facilitates L. monocytogenes growth, contributing to greater dissemination. Of note, cyclophosphamide treatment has been shown to reduce the abundance of bacterial strains belonging to the order Clostridiales in a mouse model (Viaud et al., 2013) .
To determine whether antibiotic-induced microbiota perturbation increases susceptibility of chemotherapy-treated mice to oral L. monocytogenes infection, chemotherapy recipients were treated with streptomycin or PBS before infection with a low L. monocytogenes inoculum. In concordance with re-sults obtained in Raggc mice, streptomycin treatment accentuated chemotherapy-induced susceptibility and resulted in increased mortality rates ( Fig. 4 F) .
commensal microbes efficiently antagonize L. monocytogenes ex vivo
Antibiotic-mediated depletion of commensals can reduce mucosal and systemic immune defenses Becattini et al., 2016) and commensal-driven, MyD88-mediated stimuli induce RegIIIγ production by the intestinal epithelium and reduce L. monocytogenes growth in the small intestine (Brandl et al., 2007 (Brandl et al., , 2008 . Alternatively, intestinal commensal bacteria can also directly inhibit pathogens by competing for nutrients or producing bacteriocins. To begin to determine how the intestinal microbiota inhibits in vivo L. monocytogenes expansion, we performed ex vivo experiments to assess if commensals, in the absence of host-derived factors, mediate L. monocytogenes clearance. Content from small or large intestine was harvested from WT mice, resuspended in reduced PBS, and inoculated with increasing doses of L. monocytogenes in either anaerobic or aerobic conditions. Intestinal contents killed L. monocytogenes within 24 h, with small intestinal content demonstrating greater activity at reducing L. monocytogenes CFUs ( Fig. 5 A) . Large intestinal contents had more variable inhibitory activity, but in all cases reduced viable CFUs over 24 h. L. monocytogenes grew exponentially in intestinal content that had been filtered and cleared of bacteria, indicating that neither lack of nutrients in the initial suspension nor presence of antimicrobial molecules of host origin account for the bactericidal effect of intestinal contents ( Fig. 5 B) . Exposure of ex vivo cultures to oxygen delayed L. monocytogenes clearance from small intestine content, and abolished clearance from large intestine content ( Fig. 5 A) . These results suggest that obligate anaerobic bacteria inhibit and possibly kill L. monocytogenes. Intestinal content from mice that had been previously treated with antibiotics lost the capacity to eliminate L. monocytogenes, enabling survival (small intestine) or expansion (large intestine) of the pathogen (Fig. 5 C) . Exposure to oxygen synergized with the effect of antibiotic treatment decreasing the capacity of commensals to antagonize L. monocytogenes ( Fig. 5 C) . This corroborated our hypothesis that the enhanced infection and delayed L. monocytogenes clearance in antibiotic-treated mice depended on direct effects on microbiota composition, rather than on indirect consequences on the immune system.
To investigate the inhibitory mechanisms operating in the aforementioned assays, contents from small or large intestine were co-cultured with L. monocytogenes for 24 h, a time sufficient to allow inhibitory mechanisms to take place, and the resulting culture supernatants were sterile filtered (24 h-sup). The supernatants were then inoculated with L. monocytogenes or a laboratory strain of E. coli (DH-5α) for an additional 24 h ( Fig. 5 D) . Although 24 h-sups from large intestinal contents promoted growth of both L. monocytogenes and E. coli, L. monocytogenes was completely eliminated from 8 out of 10 small intestinal 24 h-sups. In contrast, E. coli grew exponentially in filtered supernatants, suggesting that different mechanisms interfere with Listeria expansion in the small and large intestine, some of which are selective and discriminate among bacteria.
Overall, our results suggest that bacteria inhabiting different intestinal regions efficiently eliminate L. monocytogenes by multiple mechanisms; these might include production of antibacterial molecules (Zhu et al., 2000; Corr et al., 2007; Lakshminarayanan et al., 2013; Vijayakumar and Muriana, 2015; Egan et al., 2016; Saraoui et al., 2016) , as well as nutrient competition (Maltby et al., 2013) or contact-dependent inhibition (Ruhe et al., 2013) .
Identification of intestinal commensal bacteria associated with protection from L. monocytogenes infection in vivo
To identify intestinal commensal species that provide colonization resistance against L. monocytogenes, we administered streptomycin or MNVC to C57BL/6 mice and challenged them with an oral inoculum of L. monocytogenes 1, 5, 16, 21, or 27 d after completion of antibiotic treatment. Mice were euthanized 24 h after infection and L. monocytogenes was quantified by culture of intestinal contents, liver, and spleen. Small intestine, cecum, or colon contents were also subjected to 16S rRNA gene sequencing to determine microbiota composition at each time point. High susceptibility to infection persisted for only 1 d after streptomycin treatment and mice fully recovered resistance (i.e., infection levels undistinguishable from PBS-treated animals) within 5 d of streptomycin termination. In contrast, MNVC treatment resulted in susceptibility to L. monocytogenes intestinal colonization for up to 27 d after antibiotic cessation, suggesting that some bacterial species crucial for protection were irreversibly ablated ( Fig. 6 A) . L. monocytogenes density in cecum and colon content correlated with that in cecum and colon wall and the liver (Fig. 6 B) . PCoA analysis of 16S sequences demonstrated that the microbiota of streptomycin-treated mice returned to pretreatment composition within 5 d, whereas MNVC-treated animals maintained a distinct microbiota composition (Fig. 6 C) .
Spearman rank correlation analysis between L. monocytogenes susceptibility and bacterial taxa identified by 16S rRNA gene sequencing, as previously described (Ubeda et al., 2013; Buffie et al., 2015) , identified several bacterial species significantly associated with protection ( Fig. 6 D and Table  S1 ). The majority of taxa belonged to the order Clostridiales ( Fig. 6 D and Fig. S4 ). Although bacteriocin-producing bacteria such as Lactobacilli are known to inhibit L. monocytogenes (Zhu et al., 2000; Corr et al., 2007; Delgado et al., 2007; Lakshminarayanan et al., 2013; Donia et al., 2014) , our analysis demonstrated a strong negative correlation between multiple Clostridiales strains and L. monocytogenes. Clostridiales, however, contribute to protection in various pathological contexts, ranging from infection to allergy (Atarashi et al., 2013; Narushima et al., 2014; Buffie et al., 2015) .
commensal clostridiales protect from L. monocytogenes infection upon in vivo transfer
To identify specific bacterial strains that can inhibit L. monocytogenes growth, we screened a panel of Clostridia strains, including human isolates (Atarashi et al., 2013) , commercially available strains, and isolates from mouse stool. A commercially available Lactobacillus gasseri strain was included as a positive control, as L. gasseri produces at least three toxins that target Gram + bacteria, including L. monocytogenes (Zhu et al., 2000; Delgado et al., 2007; Lakshminarayanan et al., 2013; Donia et al., 2014) . Co-culture with L. monocytogenes under anaerobic conditions demonstrated that several bacterial strains inhibited L. monocytogenes growth by over three orders of magnitude ( Fig. 7 A) . The bacterial strains also inhibited L. monocytogenes growth when added to autoclaved cecal content ( Fig. 7 B and not depicted) . We identified four strains (C. saccharogumia, C. ramosum, C. hathewayi, and B. producta) that consistently reduced L. monocytogenes growth under varied culture conditions and that provided enhanced antilisterial properties as a consortium (4-Clost mix). We next compared L. monocytogenes growth in fecal pellets obtained from GF mice reconstituted with either the 4-Clost mix or microbiota from antibiotic (MN-VC)-treated mice (FMT-ABX). Mice reconstituted with FMT-ABX or 4-Clost had similar bacterial densities and overall microbiota diversity ( Fig. 7 C and Fig. S5 , A and C). Interestingly, only three of the four Clostridiales used for reconstitution appeared to engraft, with C. saccharogumia being lost in several animals by day 10 (Fig. S5  C) . Culture of L. monocytogenes in fecal pellets from the two groups demonstrated reduced growth in fecal cultures derived from 4-Clost mice (Fig. S5B) . In vivo challenge studies demonstrated that mice reconstituted with 4-Clost had markedly lower levels of luminal L. monocytogenes as compared with ABX-FMT mice (Fig. 7, D and E) . Furthermore, whereas dissemination of L. monocytogenes to MLNs, spleen, and liver was not detected or moderate in 4-Clost mice, we detected high-level dissemination in FMT-ABX mice (Fig. 7 F) . Thus, by reducing L. monocytogenes burden in the intestinal lumen, the 4-Clost consortium prevented systemic spread of the pathogen. Content from small or large intestine was cultured for 24 h in the presence of 10 3 Lm CFUs, then sterile filtered (24 h-sup). 10 3 CFUs of either L. monocytogenes or E. coli DH5-α were inoculated in sterile-filtered supernatants (24 h-sup) and grown aerobically for 24 h (n = 10 from different mice and three independent experiments, lines represents medians; statistics: Kruskal-Wallis test with Dunn's multiple comparisons). ***, P < 0.001; ****, P < 0.0001.
dIscussIon
L. monocytogenes has been studied extensively over the past century and has become one of the most widely used model pathogens in experimental immunology. L. monocytogenes studies have generally involved intravenous inoculation, a convenient and reproducible model to dissect systemic infection, and immune response mechanisms. Intravenous delivery, however, bypasses the intestinal phase of L. monocytogenes infection, which precedes systemic spread and has an important role in the overall pathogenesis of infection (Gahan and Hill, 2005) . As a consequence, many aspects of the intestinal phase of L. monocytogenes infection remain obscure. Even though ingestion of L. monocytogenes from contaminated food is the main cause of infection in humans, there is little clinical information on the early intestinal stages of L. monocytogenes infection that might enhance resistance, and preventive interventions target the contaminated food itself (Saraoui et al., 2016) . Our results suggest that the microbiota, here shown to be an essential player in defense against L. monocytogenes, especially in immunocompromised hosts, might provide a target for intervention in this window. Previous studies have suggested, although never conclusively proven, that gut commensals can protect the host from L. monocytogenes infection. In the 70s, Zachar and Savage (1979) reported that GF mice, in contrast to SPF mice, were highly susceptible to L. monocytogenes infection, and their colon would become rapidly colonized by L. monocytogenes after low intra-gastric inocula. The authors hypothesized that the rich microbiota carried by SPF mice might account for their resistance to infection, but were unable to prevent intestinal growth of L. monocytogenes by gavage of selected bacterial species, even though this treatment reduced penetration of L. monocytogenes into intestinal tissue, as assessed by microscopy (Zachar and Savage, 1979) . Czuprynski and Balish (1981) similarly observed that GF rats, in contrast to conventional rats, were highly permissive for L. monocytogenes expansion in the intestine, and proved that intestinal clearance of L. monocytogenes could be achieved in these animals by transplantation of a microbiota. Our finding that mice that were stably colonized with L. monocytogenes during repeated streptomycin treatments experienced dramatic decreases in intestinal L. monocytogenes burden after fecal microbiota transplantation (unpublished data) are consistent with this earlier work. Susceptibility to L. monocytogenes infection in mice after antibiotic administration is exacerbated by concurrent corticosteroid administration (Okamoto et al., 1994) , suggesting that the immune system and the gut microbiota make distinct contributions to the control of L. monocytogenes infection. Consistent with this hypothesis, a recent study demonstrated that cross-transfer of microbiota from C57BL/6 mice and BALB/c mice did not increase the susceptibility to Listeria infection in the former strain or reduce it in the latter (Bou Ghanem et al., 2012) . As both strains supposedly harbor microbiota with similar complexity and protective activity, genetic and immune factors are likely responsible for the outcome of infection when colonization resistance is intact (Myers-Morales et al., 2013) .
The ability of the microbiota to cure patients with recurrent Clostridium difficile infections has recently been demonstrated in a randomized, controlled trial of fecal microbiota transplantation (FMT), and FMT is increasingly being tested in clinical trials as a therapeutic approach for a wide range of diseases (van Nood et al., 2013) . Our results suggest that Listeria monocytogenes should be added to a growing list of intestinal pathogens that might be effectively antagonized by commensal bacteria that colonize the GI tract. Our finding that a diverse, antibiotic-naive microbiota can inhibit L. monocytogenes, possibly by multiple, parallel mechanisms, provides at least a partial explanation for why high L. monocytogenes inocula are required for laboratory animals and healthy humans to become infected via the oral route, and why luminal clearance occurs rapidly (Dalton et al., 1997) . Our study suggests that intestinal survival and expansion of L. monocytogenes is an event that precedes severe disease in subjects at risk of infection, and that a compromised microbiota is an important predisposing factor. It was recently proposed that during early phases of intestinal infection, Listeria is shed from the tips of infected villi into the lumen, and then penetrate the epithelium at different locations, thus extending tissue invasion (Melton-Witt et al., 2012) . In this scenario, the loss of microbiota-mediated colonization resistance might further amplify L. monocytogenes expansion.
Consistent with a previous study (Bou Ghanem et al., 2012) , but somewhat conflicting with a more established view in the field, our data suggest that large intestine, rather than small intestine, is a major replication site for Listeria. Prefer-ential tissue invasion at the level of the small intestine seems at odds with the low local concentration of goblet cells, which have been postulated to be a major portal for InlA-mediated entry in the host tissue, and are instead numerous in cecum and colon (Nikitas et al., 2011) . Importantly, our results suggest that carriage of residual amounts of L. monocytogenes in the intestinal lumen is relatively long lasting, up to 3 wk or more in a sizable portion of C57BL/6 mice infected orally, in spite of the remarkable antilisterial activity exerted by commensals. Here, we showed that such a residual population can expand upon impairment of the microbiota's protective functions, an observation that is of relevance to immunocompromised patients, in whom systemic spread might be caused by intestinal resident rather than de novo ingested bacteria. In fact, by ablating or perturbing the microbiota, antibiotic treatment makes immunocompromised hosts susceptible to low doses of L. monocytogenes, which confirms previous observations on the synergistic effects of antibiotics and corticosteroids in listeriosis (Okamoto et al., 1994) . Of note, another important protective contribution of the microbiota was underlined in a recent study demonstrating that long lasting antibiotic treatment reduces hematopoiesis, and enhances susceptibility to listeriosis in a model of retro-orbital Listeria infection (Khosravi et al., 2014) . However in our system, where antibiotics were administered only once, no major consequence of the treatment on circulating lymphocytes was observed (unpublished data). Instead, using the oral challenge approach, we could clearly demonstrate the consequences on Listeria expansion resulting from microbiota perturbation.
We demonstrated the relevance of an intact gut microbiota in two different models of immune-deficiency: congenital deficiency of lymphoid cells (Rag2 −/− Il2rg −/− mice) and generalized immune deficiency promoted by cancer chemotherapy in otherwise healthy animals. In our model, chemotherapy likely enhanced susceptibility to Listeriosis by reducing immune cells in the circulation, particularly inflammatory monocytes as well as IFN-γ-producing ILCs/NKs, whose defensive role in Listeria infection remains a subject of debate, with discrepancies across studies possibly arising from differences in mouse genetic backgrounds or routes of infection (Dunn and North, 1991; Teixeira and Kaufmann, 1994; Ladel et al., 1996; Thäle and Kiderlen, 2005; Viegas et al., 2013; Clark et al., 2016) . In the absence of such cell types, we find that the microbiota provides a parallel line of defense, which directly acts on the pathogen, reducing its growth. Antibiotic treatment destroys this defense mechanism, thus exposing the host to infection even with extremely low L. monocytogenes doses. Interestingly, chemotherapy administration alone resulted in a significantly higher L. monocytogenes burden in the large intestinal lumen 1 d after infection, suggesting that microbiota perturbation or inflammatory conditions induced by anticancer drugs might also contribute to the enhanced susceptibility of cancer patients. Thus, augmenting colonization resistance functions in immunocompromised patients by introducing or supporting protective bacterial species might represent a novel clinical approach to prevent L. monocytogenes infection.
Our results also raise the possibility that in other at-risk categories for listeriosis, such as infants or pregnant women, intestinal dysbiosis might be a contributing factor to susceptibility. Anecdotally, L. monocytogenes was found to grow in meconium (Lembet et al., 2003) , and pregnant women in their third trimester, the phase of pregnancy in which susceptibility to Listeria is known to be highest (Allerberger and Wagner, 2010) , present altered microbial profiles, with marked reduction in Clostridiales members (Koren et al., 2012) and increases in Proteobacteria.
Our ex vivo data provide evidence that intestinal microbes have a remarkable ability to rapidly eliminate or outcompete L. monocytogenes in culture. Interestingly, multiple mechanisms seems to account for such inhibition, possibly reflecting the different commensal communities represented along the GI tract.
Based on our results, competition for nutrients might be a crucial factor, promoting growth restriction of L. monocytogenes in the small intestine ( Fig. 5 ). Furthermore, commensals such as Lactobacilli, which mainly reside in the small intestine, are known to produce antilisterial bacteriocins, and elegant in vivo experiments provided evidence that daily gavage with L. salivarius increases resistance to Listeria in mice with an intact microbiota (Corr et al., 2007) . Commensals such as L. gasseri, which is known to produce L. monocytogenes-killing bacteriocins, are recurrently identified in our mouse microbiota analyses.
To our knowledge, anaerobes from the large intestine have never been associated before with protection from L. monocytogenes. These commensals might be operating through mechanisms that do not involve secretion of toxins or competition for nutrients, as supernatants from cultured large intestine contents still support Listeria growth, which is instead prevented when anaerobes are maintained in the culture (Fig. 5 ). Such alternative mechanisms of inhibition might include contact-dependent inhibition (Aoki et al., 2005 (Aoki et al., , 2010 , hypotheses that require further investigation.
Our in vitro, ex vivo, and in vivo assays indicate that colon resident Clostridiales are important and might even be sufficient to protect the host from Listeria invasion. Indeed, GF mice reconstituted with a consortium of four Clostridiales before infection, of which 3 consistently engrafted across experiments, showed virtually no intestinal L. monocytogenes burden or translocation to the mesenteric lymph nodes, and markedly reduced penetration into intestinal wall and visceral organs (Fig. 7, B and C; and Fig. S5 ). In contrast, mice reconstituted with a dysbiotic microbiota were highly susceptible to L. monocytogenes infection, demonstrating the importance of selected commensal species in exerting colonization resistance. Identifying protective bacteria and the underlying mechanisms might provide new diagnostic, preventive, and possibly curative approaches for listeriosis.
MAterIALs And MetHods Mice
C57BL/6 and Rag1 −/− , Ifng −/− , Il17 −/− mice were purchased from the Jackson Laboratory. Rag2 −/− Il2rg −/− (Raggc) mice were purchased from Taconic Farms, and then bred in-house. Rag1 −/− Ifng −/− and Rag1 −/− Il17 −/− mice were derived on a C57BL/6 background, initially generated by breeding Rag1 −/− mice with Ifng −/− or Il17a −/− mice, respectively, and then bred in house. All mice were bred and maintained under specific pathogen-free conditions at the Memorial Sloan-Kettering Research Animal Resource Center. Sex-and age-matched controls were used in all experiments according to institutional guidelines for animal care. Unless otherwise specified, 6-12-wk-old female mice were used for all experiments. For the experiment shown in Fig. 2 F, mice were maintained in wire floor cages to prevent coprophagy. All animal procedures were approved by the Institutional Animal Care and Use Committee of the Memorial Sloan-Kettering Cancer Center.
Antibiotic and chemotherapy treatment
Three different antibiotic treatments were used over the course of this study: (1) a single i.p. injection of clindamycin (200 µg/mouse in PBS); (2) a single dose of streptomycin (Thermo Fisher Scientific; 20 mg/mouse in PBS) administered by oral gavage; (3) a single dose of metronidazole (Sigma-Aldrich), neomycin (Sigma-Aldrich) and vancomycin (NOV APL US; 3.5 mg each/mouse in PBS) administered by oral gavage, followed by a single injection of clindamycin 3 d later. For the experiment shown in Fig. 6 , 2 mg streptomycin/mouse was administered to facilitate microbiota recovery.
Chemotherapy was composed of cyclophosphamide (Sigma-Aldrich; 1.8 mg/mouse; ∼100 mg/kg) and doxorubicin (Pfizer; 0.27 mg/mouse; ∼15 mg/kg) and administered together via i.p injection in 200 µl total volume. Chemotherapy was administered twice, 1 wk apart; bleeding or infections were performed 1 d after the second administration. For the experiments shown in Fig. 4 F, mice were administered streptomycin via oral gavage on the same day of second chemotherapy treatment, and infected 24 h later.
L. monocytogenes infection, cFu enumeration, and Pcr confirmation
L. monocytogenes strain 10403s was used throughout this study. Frozen aliquots of bacteria were freshly inoculated into BHI and grown to OD 0.1-0.4 (OD = 0.1 corresponds to 2 × 10 8 CFUs/ml), washed once in PBS, and resuspended in PBS for inoculation. Used doses varied depending on the experiment, and are reported in figure legends; L. monocytogenes was administered by oral gavage in all in vivo experiments.
To enumerate L. monocytogenes growth in mouse tissue, collected organs were resuspended in PBS Triton X-100 (Thermo Fisher Scientific) 0.05%, homogenized for 30 s to 1 min with a Power Gen 125 homogenizer (Thermo Fisher Scientific; power level: 5). Metal probes were washed in between samples through two immersions in ethanol and one in PBS for 10-15 s each. Serial dilutions of the homogenates were prepared in PBS Triton and plated on BHI plates supplemented with streptomycin (100 µg/ml) and nalidixic acid (50 µg/ml). Colonies were enumerated after 24-36 h of incubation at 37°C.
For CFU enumeration in intestinal wall, small and large intestine were separated after excision, cleared of content by squeezing with forceps, cut longitudinally, and washed vigorously four to six times (10-s vortex or manual shaking) in ice-cold PBS. The washed tissues were then processed as in the previous paragraph.
For CFU enumeration in intestinal content and fecal pellets, starting material was weighed (unless total CFU amount was calculated) and resuspended in PBS to a concentration of 100 mg/ml. Serial dilutions of the original suspension were plated.
Roughly 10% of plates from small and large intestine content and tissue displayed a second type of bacterial colony, clearly distinguishable from L. monocytogenes colonies based on size and color. In particular, contaminating colonies were much smaller than L. monocytogenes colonies and of a brighter white color. To confirm the identity of L. monocytogenes colonies, several colonies of each type from every contaminated plate were picked and subjected to PCR for the L. monocytogenes p60 gene. A clear band of ∼1300 bp was always detected following PCR of L. monocytogenes colonies, but not of contaminating colonies (see Fig. S1 ), thus confirming L. monocytogenes identity as determined by colony size, color, and morphology. Contaminant colonies were not included into CFU counts. Sequence of the p60 PCR primers are: 5′ STA RT: 5′-GCG GTA ACA GCA TTT GCT GCT CCA ACA ATC-3′; 3′ END: 5′-GCC ATT GTC TTG CGC GTT AAT CAT TTG AC-3′. Amplification conditions were as follows: 30 cycles (95°C for 1 min; 50°C for 1 min; 65°C for 2.5 min), 72°C for 5 min, hold 4°C.
Pathology score
The pathology score used in this study has been previously published (Abt et al., 2015) . After infection, mice were monitored and scored for disease severity by four parameters: weight loss (>95% of initial weight = 0, 95-90% initial weight = 1, 90-80% initial weight = 2, and <80% initial weight = 3), surface body temperature (>32°C = 0, 32°C-30°C = 1, 30°C-28°C = 2, <28°C = 3), diarrhea severity (formed pellets = 0, loose pellets = 1, liquid discharge = 2, no pellets/caked to fur = 3), morbidity (score of 1 for each symptoms with max score of 3; ruffled fur, hunched back, lethargy, ocular discharge).
Blood cell collection and flow cytometry
Blood was obtained by tail bleeding. Red blood cell lysis was performed by three consecutive incubations in RBC lysis buffer (0.15 M NH 4 Cl = 1 mM NaHCO 3 in dH 2 O) for 5′. Lymphocytes were counted and subjected to viability staining (Fixable Aqua Dead Cell staining, Life Technologies, #L34957) and subsequently to receptor Fc blockade (BD). Staining was performed using the following antibodies: CD45 (clone 30-F11; eBioscience), CD8b (clone YTS156.7.7; Bi-oLegend), CD11b (clone RM2817; Thermo Fisher Scientific), Ly6c (clone AL-21; BD), CD3ε (clone 145-2C11; BD), CD19 (clone 1D3; BD), CD90.2 (53-2.1; BD), CD127 (clone A7R34; BD). Samples were fixed (IC Fixation Buffer; eBioscience), washed, resuspended in FACS buffer, and acquired with a LSR II flow cytometer (BD) either immediately or on the next day. dnA extraction and 16s sequencing DNA extraction from fecal pellets and intestinal content were performed as previously described (Ubeda et al., 2012) . In brief, a frozen aliquot (∼100 mg) of each sample was suspended, while frozen, in a solution containing 500 µl of extraction buffer (200 mM Tris, pH 8.0, 200 mM NaCl, and 20 mM EDTA), 200 µl of 20% SDS, 500 µl of phenol/chloroform/isoamyl alcohol (24:24:1), and 500 µl of 0.1-mm-diam zirconia/silica beads (BioSpec Products). Microbial cells were lysed by mechanical disruption with a bead beater (BioSpec Products) for 2 min, after which two rounds of phenol/chloroform/isoamyl alcohol extraction were performed. DNA was precipitated with ethanol and resuspended in 50 µl of TE buffer with 100 µg ml −1 RNase. The isolated DNA was subjected to additional purification with QIAamp Mini Spin Columns (QIA GEN). For each sample, duplicate 50 µl PCR reactions were performed, each containing 50 ng of purified DNA, 0.2 mM dNTPs, 1.5 mM MgCl2, 2.5 U Platinum Taq DNA polymerase, 2.5 µl of 10X PCR buffer, and 0.5 µM of each primer designed to amplify the V4-V5: 563F (5′-nnnnnnnn-NNN NNN NNN NNN-AYT GGG YDT AAA GNG-3′) and 926R (5′-nnnnnnnn-NNN NNN NNN NNN-CCG TCA ATT YHT TTR AGT-3′). A unique 12-base Golay barcodes (Ns) precede the primers for sample identification (Caporaso et al., 2012) , and 1-8 additional nucleotides were placed in front of the barcode to offset the sequencing of the primers. Cycling conditions were 94°C for 3 min, followed by 27 cycles of 94°C for 50 s, 51°C for 30 s, and 72°C for 1 min. 72°C for 5 min is used for the final elongation step. Replicate PCRs were pooled, and amplicons were purified using the Qiaquick PCR Purification kit (QIA GEN). PCR products were quantified and pooled at equimolar amounts before Illumina barcodes and adaptors were ligated on using the Illumina TruSeq Sample Preparation protocol. The completed library was sequenced on an Illumina Miseq platform following the Illumina recommended procedures with a paired end 250 × 250 bp kit.
The 16S (V4-V5) paired-end reads were merged and demultiplexed. The UPA RSE pipeline (Edgar, 2013 ) was used to: (1) perform error filtering, using maximum expected error (Emax = 1; Edgar and Flyvbjerg, 2015) ; (2) group sequences into operational taxonomic units (OTUs) of 97% distance-based similarity; and (3) identify and remove potential chimeric sequences, using both de novo and reference-based methods. Sequencing data were analyzed and processed using the MOT HUR pipeline (Schloss et al., 2009) , and operational taxonomical units (OTU) were classified using a modified version of the Greengenes database (DeSantis et al., 2006) .
Anaerobic culturing and ex vivo competition experiments
Commensal anaerobes and intestinal content (unless otherwise stated in the text) were cultured using an anaerobic incubator (Coylabs) at 37°C, using reagents that had been reduced for at least 12 h. For assessment of L. monocytogenes survival in vitro, intestinal content or fecal pellets were resuspended at 100 mg/ml in reduced PBS, and inoculated with L. monocytogenes (inoculum size indicated in figure legends) in 100 µl total using 96-well plates with U bottom. Listeria survival was assessed after 24, 48, or 72-h. In some experiment, the intestinal suspension was sterile filtered (0.22 µm) either directly or after a 24-h culture at 37°C.
Bacterial isolates assessed for antilisterial activity included: L. gasseri JV-V03, C. aldenense WAL-1872 and R. gnavus CC55_001C (BEI resources); C. innocuum and B. producta (I) isolated in house from mouse intestinal content; C. ramosum, C. saccharogumia, Clostridiales 1_7_47FAA, C. hathewayi, C. bolteae, C. aldenense, C. asparagiforme, Ruminococcus sp.ID8, R. gnavus, C. scindens, Lachnospiraceae 3_1_57FAA_CT1, Lachnospiraceae 7_1_58_FAA, C. indolis, Clostridium sp. 7_3_54FAA, E. contortum, B. producta (II) isolated from human stool (Atarashi et al., 2013) . All bacteria were grown overnight in BHI supplemented with yeast extract 5 g/liter and l-cysteine 1 g/liter (BD), with the exception of L. gasseri, which was grown in MRS broth (Difco). Bacterial species present in the original panel of Atarashi et al. (2013) that were not included in the analysis grew poorly in modified BHI.
Autoclaved cecal content used as a medium in Fig. 7 B was prepared by resuspending large intestinal content into PBS at 100 mg/ml and autoclaving the suspension for 21 min; the suspension was then incubated in the anaerobic chamber for at least 24 h before use.
To assess antilisterial activity, commensals of choice were inoculated at OD = 0.1 into either medium or autoclaved cecal content together with 1,000 L. monocytogenes CFUs, and residual Listeria CFUs were enumerated 24 h later. reconstitution of GF mice GF mice were maintained in isolators until the day of reconstitution. Upon transfer to the SPF facility, mice were reconstituted via oral gavage with comparable amounts of Clostridiales of interest (C. ramosum, C. saccharogumia, C. hathewayi, and B. producta [I]) of ∼1-3 × 10 6 /bacterium/ mouse, resuspended in 200 µl of reduced PBS. Alternatively, GF mice were reconstituted with a suspension in reduced PBS of a fecal pellet from MNVC-treated mice (pellet col-lected 1 d after clindamycin treatment, 1 pellet per ml, 200 µl/ mouse). Engraftment was confirmed by plating of fecal pellets onto Columbia Agar Plates with 5% Sheep Blood (BD) in anaerobic chamber, 2 d after reconstitution.
statistical and data analysis Data are presented as means or medians ± SD. Analyses were performed using GraphPad Prism version 7.0a or R-3.3.2.pkg. Statistical tests used included: Mann-Whitney test for two group comparisons, Kruskall-Wallis test with Dunn's multiple comparisons for three or more group comparisons, two-way ANO VA for time courses, and Log-Rank test for survival. Significance values are indicated as follow: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Spearman correlation for the experiment shown in Fig. 6 was calculated using the function 'cor.test' in the R 'stats' package, method="spearman"; significance values were corrected using Benjamini-Hochberg (BH) procedure, FDR<0.05. PCoA was performed using the 'ordinate' function in the R package 'phyloseq', with method="PCoA", distance="JSD".
Human subjects
Patients at MSK CC who developed L. monocytogenes infection (bloodstream infection, meningitis, or both) were identified via institutional clinical database query of the last 20 yr. Medical charts of these patients were reviewed; clinical data including extent of infection and medications administered before infection were collected. This retrospective observational review was approved by the MSK CC IRB. online supplemental material Fig. S1 shows examples of colony morphology and PCR results used to confirm the identity of L. monocytogenes from plated intestinal content and organs. Fig. S2 shows that L. monocytogenes strain 10403s (the strain used in this study) is resistant to streptomycin and metronidazole, but sensitive to vancomycin, neomycin and clindamycin. Fig. S3 shows that most oncologic patients diagnosed with L. monocytogenes infection at MSK CC over the past twenty years were treated with chemotherapy, antibiotics, or both before becoming infected. Fig. S4 shows that recovery of clostridia following antibiotic treatment inversely correlates with luminal L. monocytogenes expansion in mice infected at different times during microbiota recovery. Fig. S5 shows that reconstitution levels and overall microbiota diversity are similar in GF mice reconstituted with fecal pellets from ABX-treated mice or with the assembled 4-Clost consortium. Nonetheless, fecal pellets from 4-Clost group had significantly higher ex vivo antilisterial potential than FMT-ABX.
